INTRODUCTION
Fruit color is an important factor in fruit quality. Anthocyanins are common pigments that accumulate in many fruits, including grape, apple, and strawberry. The regulation of their biosynthesis has been studied widely and frequently (review in Jaakola, 2013) . In particular, UFGT (UDP-glucose: flavonoid 3-O-glucosyltransferase) plays an important role in anthocyanin biosynthesis in grape (Boss et al., 1996; Kobayashi, 2009) , and FaMYB10 regulates the expression of FaUFGT in strawberry (Medina-Puche et al., 2014; Kadomura-Ishikawa et al., 2015a) .
It is well known that anthocyanin accumulation in fruits is affected by temperature, and is decreased when fruits are grown at high temperature (Saure, 1990; Ikeda et al., 2011) . Recently, we demonstrated that the anthocyanin concentration and the expression of genes related to anthocyanin biosynthesis decreased in strawberry 'Sachinoka' fruits grown at high temperature . In grape, high temperature inhibits anthocyanin accumulation by reducing the activity of UFGT (Mori et al., 2004) . In apple, rapidly reduces the expression of the R2R3MYB transcription factor (TF) gene (MYB10), which regulates the coordination of red skin coloration (Lin-Wang et al., 2011) .
Although high temperature stress could occur at any time during fruit coloring, published studies of the effect on anthocyanin biosynthesis applied high temperature throughout the coloring period (Mori et al., 2004; Matsushita et al., 2016) , but not at different ripening stages. There are two studies examined the effect of temperature on coloring in grapes and rose: Yamane et al. (2006) investigated the temperature-sensitive stages for coloration and the mechanisms that underlie the effect of temperature on anthocyanin accumulation using 2-week treatments at 20 and 30°C. Then, they elucidated that stage3 (from one to three weeks after the onset of coloring) is the most sensitive for anthocyanin accumulation in the berry skins of 'Aki Queen'. Dela et al. (2003) described the effect of transient high temperature on the concentration and composition of anthocyanins in 'Jaguar' rose flowers, and showed that although a 1-d high temperature treatment (39/18°C day/ night) had no effect on pigmentation, a 3-d treatment had a substantial effect on pigmentation due to decreasing anthocyanin accumulation. However, we cannot find any report of the effect of applying high temperature at different coloring stages or of the relationship between anthocyanin concentration and the expression of genes related to anthocyanin biosynthesis in strawberry.
Therefore, we designed two experiments to explore this. Experiment 1 investigated the influence of high air temperature (30/15°C) on anthocyanin biosynthesis at different coloring stages. Experiment 2 examined the effect of high air temperature in fruits exposed to the high temperature at different coloring stages and harvested when fully ripe. We investigated anthocyanin concentration and the expression of anthocyanin biosynthesis related genes in strawberry 'Sachinoka' (Fragaria ananassa Duch.) grown at control regime (20/15°C, 14/10 h, day/night) or high temperature regime (30/15°C, 14/10 h). In Experiment 1, fruits were harvested at different color stages. In the control treatment, the anthocyanin concentration increased as fruit ripened, and was highest at the fully ripe stage. In the high-temperature treatment, however, it was significantly lower at the fully ripe stage. These results were relevant with the peak value of expression of anthocyanin biosynthesis genes which was inhibited in fruits grow at high temperature regime. In Experiment 2, we applied high temperature at different fruit color stages to test the effect of the timing of high temperature stress on coloring. When exposed fruit to high temperature after half ripe stage, the anthocyanin concentration and gene expression in fully ripe fruit were not significantly different from the control. But in fruit exposed before half ripe stage, the anthocyanin concentration and gene expression significantly reduced. These results indicate that the level of gene expression of anthocyanin biosynthesis is affected by the timing of exposure fruit to high temperature stress. 
Plant materials
Fragaria ananassa Duch 'Sachinoka' were planted in 10.5-cm pots in commercial horticultural soil (Housakumonogatari, Takii & Asahi, Tokyo, Japan). The plants were grown in a greenhouse, watered every day, and supplied with fertilizer according to standard practice. The flowers were pollinated by honeybees. After pollination, we trimmed the plants to a single flower and moved them into growth chambers (HNM-S, Koito Industries, Tokyo, Japan) set to either the control regime (20/15°C day/night) or the high-temperature regime (30/15°C), with 80% relative humidity, 14/10-h (day/night) photoperiod, and a photosynthetic photon flux density of 190 mol m 2 s 1 . In Experiment 1, fruits were harvested at the green (G: almost 16 d after pollination (DAP)), slightly ripe (SR: almost 20 DAP), half ripe (HR: almost 23 DAP), or fully ripe (FR: almost 29 DAP) coloring stage ( Fig. 1 ) in control regime. In Experiment 2, plants were grown in the control regime until harvest (CT), in the high-temperature regime until harvest (HT), or in the control regime until G, SR, HR, or before FR (BFR: almost 26 DAP; Fig. 1 ) and then moved into the high temperature regime and grown until harvest (FR). The harvested fruits were frozen in liquid nitrogen and stored at 80°C.
Anthocyanin measurement
We measured anthocyanin concentration based on the method of Pombo et al. (2011) . Samples were powdered in liquid nitrogen, and then 0.1 g was vortexed in 1 mL of HCl-methanol. The samples were chilled on ice for 2 min, and then centrifuged at 12,000 g for 15 min at room temperature. The absorbance of the supernatant was measured with a spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific Inc., Waltham, MA, USA) and converted to molar concentration by the method of Matsushita et al. (2016) . Three separate measurements of three to six fruits were taken.
RNA extraction and quantitative PCR RNA was extracted as described by Reid et al. (2006) . The RNA concentration was measured with NanoDrop 2000, cDNA was synthesized from the isolated RNA using a PrimeScript RT Reagent Kit with gDNA Eraser (Perfect Real Time; Takara Bio, Tokyo, Japan). We investigated the anthocyanin biosynthesis genes CHI (chalcone isomerase; HM026182), F3H (flavanone 3-hydroxylase; HM026183), CHS (chalcone synthase; AY997297), DFR (dihydroflavonol 4-reductase; AF029685), ANS (anthocyanidin synthase; AY695817), and UFGT (AY575056), and the MYB TF genes FaMYB1 (AF401220), FaMYB5 (JQ989280), and FaMYB10 (EU155162) in Experiment 1; and all but CHI and F3H in Experiment 2. Table 1 shows sequences of the primers in this study. The primers were based on sequences provided in the GenBank database, and designed using Primer3 primer design software. The others were quoted from Kadomura-Ishikawa et al. (2015a in supplementary material 3). Quantitative PCR (qPCR) was performed on a Real-Time PCR System (7300 Applied Biosystems, Foster City, CA, USA), with three technical replicates per sample. Gene expression was expressed relative to actin (AB116565) (Almeida et al., 2007; Schmittgen and Livak, 2008; Matsushita et al., 2016) .
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Experiment 1
At FR, the anthocyanin concentration of fruits grown under the high-temperature regime was only 40% of that under the control regime (Fig. 2) . At SR and HR, the difference was not significant, and at G, anthocyanin was not detected.
The expression of all genes related to anthocyanin biosynthesis increased with fruit color development from G to HR (Fig. 3) , and then decreased at FR. At HR, the expression of all genes was significantly lower in the high-temperature regime, but by FR, only lateregulated biosynthesis genes (LBGs: DFR, ANS, UFGT) were significantly lower, in particular, the expression of UFGT was halved in the high-temperature regime (Fig. 3) . The expression of FaMYB1 and FaMYB5 did not differ significantly at any color stage, but that of FaMYB10 was significantly reduced in the high-temperature regime at both HR (45% of control) and FR (36% of control), similar to the UFGT result (Figs. 3, 4) .
Experiment 2
Fruit length had no difference in all regimes (Table 2 ). Fruit weight in HT had almost half (52%) of that in CT ( Table 2) .
The anthocyanin concentration of fruits transferred immediately (HT) or at G and SR was markedly less than that of fruits held under CT. That of fruits transferred to the high-temperature regime at different coloration stages no effect at HR and BFR (Fig. 5) . In particular, that at HT decreased until 45% of CT. The anthocyanin biosynthesis genes DFR and UFGT and the FaMYB10 TF showed the same pattern (Figs. 6, 7) : the level of UFGT expression was 45% of CT at HT (Fig. 6) , and that of FaMYB10 expression was only 21% of CT at HT, G, and SR (Fig. 7) .
DISCUSSION
The effects of external factors on anthocyanin biosynthesis and regulation are becoming clearer (Jeong et al., 2004; Castellarin et al., 2007; Azuma et al., 2012) . Jeong et al. (2004) reported that the accumulation of anthocyanins in grape fruit was enhanced by abscisic acid treatment and suppressed by naphthaleneacetic acid and shading. Kadomura-Ishikawa et al. (2015a) suggested that light and abscisic acid independently regulate anthocyanin biosynthesis via activation of FaMYB10 expression in strawberry fruits. Azuma et al. (2012) elucidated that the expression of other MYB-related genes in grape and of many flavonoid biosynthesis pathway genes was regulated independently by temperature and light. Castellarin et al. (2007) showed that water stress to grape fruits at the early developmental stage promoted maturity and anthocyanin biosynthesis. We recently investigated the effect of water stress on strawberry fruits and confirmed that it promoted the accumulation of anthocyanins and maturation, but that it inhibited fruit development . Here, we investigated the effect of the timing of high temperature.
The anthocyanin concentration in fruits increased from none at the G stage to maximum at the FR stage (Fig. 2) . This timing is relevant to the increased anthocyanin biosynthesis-related genes which peaked at the HR stage and then Vol. 56, No. 1 (2018) fell at the FR stage (Fig. 3) . This pattern implies that anthocyanin in fruits was rapidly synthesized between HR and FR stage, because the expression of all anthocyanin biosynthesis related genes except FaMYB1 and FaMYB5 had peaked at HR (Figs. 3, 4) . The anthocyanin concentration was significantly difference between high temperature regime and control regime (Fig. 2) , as a consequence of the expression level at high temperature regime was significantly low (Fig. 3) . In FR stage, the expression level for LBGs and FaMYB10 still showed significant difference (Figs. 3, 4) .
In Experiment 2, we considered the effect of the timing of high temperature stress on the coloring of strawberry fruits. Yamane et al. (2006) investigated the effect of high (30°C) and low (20°C) temperatures at different stages of development and ripening on the accumulation of anthocyanins in berry skins of a red table grape, 'Aki Queen'. They described that the high and low temperatures during ripening, especially in stage3 (from one to three weeks after the onset of coloring) affects the expression of VvMYBA1; the product of VvMYBA1 then controls the expression of the anthocyanin biosynthetic enzyme genes. Dela et al. (2003) showed that the temperature sensitivity of the anthocyanin concentration and composition of 'Jaguar' rose flowers to transient high temperatures depended on the developmental stage. Nevertheless, the effects on strawberry fruits have been little considered, probably because strawberries mature in only 20 to 30 d after pollination. We investigated the effect of imposing high temperature on strawberry fruits at different coloring stages on the fully ripe color. Fruits moved into the high-temperature regime before the HR stage had almost the same anthocyanin concentration as those grown entirely under the hightemperature regime, whereas fruits moved at or after the HR stage had almost the same concentration as those grown entirely under the control regime (Fig. 5) . These results show that the timing of exposure to high temperature strongly influenced the final anthocyanin concentration.
In Experiment 1, the anthocyanin biosynthesis related genes were expressed most strongly at the HR stage (Figs. 3, 4) . In experiment 2, DFR, UFGT, and FaMYB10 were expressed more strongly in fruits transferred to the high temperature regime at the HR stage than in those transferred at the SR stage (Figs. 6, 7) . Thus, the level of expression of the LBGs except ANS had peaked at HR stage, then, even the high temperature stress was applied after HR stage, the level was similar to that of control regime (Figs.  6, 7) .
The expression of CHS showed no significant difference at the FR stage in either experiment (Figs. 3, 6 ). The expression of CHI and F3H showed no significant difference either (Fig. 3) . In Experiment 2, the anthocyanin bioEnviron. Control Biol. synthesis genes DFR and UFGT showed close agreement with anthocyanin concentration, and were significantly decreased under the high-temperature regime in HT, G, and SR (Fig. 6 ). This effect might be induced by MYB TFs, as the expression of FaMYB10 was similar to that of DFR and UFGT, but not ANS (Figs. 6, 7) . Medina-Puche et al. (2014) stated that FaMYB10 is not involved in the expression of ANS. Kadomura-Ishikawa et al. (2015a) stated that FaMYB10 is deeply involved in UFGT expression. Our results agree with those studies.
The regulation of anthocyanin biosynthesis by MYB TFs has been studied using MYB cDNAs (Aharoni et al., 2001; Schaart et al., 2013; Kadomura-Ishikawa et al., 2015a) . Transgenic tobacco transformed with FaMYB1 isolated from strawberry fruits showed a severe reduction in pigmentation and in the expression of late flavonoid biosynthesis genes, and FaMYB1 overexpression adversely affected the activities of the late flavonoid biosynthesis enzymes (Aharoni et al., 2001) . In contrast, FaMYB10 overexpression may have increased anthocyanin content by upregulating anthocyanin biosynthesis genes (KadomuraIshikawa et al., 2015a) . Whereas FaMYB1 is dominant in unripe fruit, FaMYB10 becomes dominant with ripening, accelerating anthocyanin accumulation (KadomuraIshikawa et al., 2015b) . We suggested that the expression level of FaMYB1 was promoted by exposed high temperature at early period of maturity in this study. The function of FaMYB10 is obviously related to the regulation of anthocyanin biosynthesis, and our results support the hypothesis that decreased expression of FaMYB10 is related closely to the decreased anthocyanin concentration.
In conclusion, the results of Experiment 1 suggest that high temperature inhibited the expression of anthocyanin biosynthesis genes at and after the HR stage, and the results of Experiment 2 shows that anthocyanin concentration and the expression of anthocyanin biosynthesis genes significantly decreased in fruits exposed to high temperature stress immediately (HT) and at the G and SR stages. Both results suggest that UFGT and FaMYB10 play important roles in anthocyanin biosynthesis, regardless of the timing of harvest or of high temperature stress. Values are relative expression levels normalized toactin. Data are means SE (n 5). Bars marked with the same letter are not significantly different at P 0.05 by Tukey-Kramer test. G, SR, HR, BFR means transferred time of strawberry fruit from control regime to high temperature regime. FR means cultured in control regime until harvested time.
